INTRODUCTION
The remarkable effectiveness of the binuclear iron-copper complex of the active site of cytochrome oxidase in reducing oxygen to water with a minimum release of free radical intermediates on the one hand, and a maximum efficiency of energy conservation on the other, has remained one of the mysteries of modern biology. Significant steps forward in our knowledge of cytochrome oxidase were made by Warburg in 1929 (1) , who identified the remarkable "green heme"; by Keilin (2) , who identified Warburg's green heme and MacMunn's histohemins as cytochromes; by Wharton and Tzagoloff (3) , who found copper to be an essential component of the oxidase; and by those who found the metal centers functional in ozygen reduction in isolated mitochondria (4) and in the purified enzyme (5) . However, detailed studies of the oxidase were continually rendered difficult by the presence of duplicate iron and copper atoms' and the absorption band overlap. In addition, the magnetic properties were rendered intractable to conventional microwave electron paramagnetic resonance (EPR) by their spin coupling (6) . Kinetic resolution of the two pairs of components by flow flash (5), room temperature rapid flow (4) , and by freeze techniques (7) revealed many facets of the functions of the metal atoms in oxidation-reduction reactions and determined the sequence with which the components react, both with cytochrome c in reduction and oxygen in oxidation (8) . However, the time separation of the reactions is small, and no discernible oxygen-reduction intermediates were identified.
Caging of the iron atom by CO against the oxygen reaction, then rapidly initiating ligand exchange by flash photolysis, is a technique that was outlined by Hartridge and Roughton (9) in their remarkable study of oxy-and carboxy hemoglobin. Shortly after the discovery of the photolysis of cytochrome oxidase CO (10), Gibson et al. (5) used flash-flow photolysis of the CO compound in the presence of rapidly mixed oxygen to obtain kinetic data on cytochrome oxidase. In the course of these studies, they demonstrated clearly that the reaction of recently photolyzed oxidase with oxygen is identical in its kinetic parameters to that of the fully reduced CO-free species. Flash photolysis of CO compounds of cytochrome oxidase, myoglobin, and hemoglobin has been studied by Chance et al. (1 1) . The caged oxidase has been flash photolyzed in the presence of oxygen at low temperatures using a technique termed "triple trapping" (12) . The key to this method has been the mixing of oxygen with cytochrome oxidase-CO in aprotic solvents at -25°C, a temperature so low that dissociation of CO from the oxidase in the dark occurs at a negligible rate; thus no oxygen reaction can occur after freeze trapping of the oxygenated mixture.
Subsequently, flash photolysis and ligand exchange can occur over a wide range of temperatures, and the activation energies of intermediate steps are larger than that in the oxygen reaction. Three intermediates have been identified: an oxycompound (A) and two kinds of oxygen-reduction compounds (B and C) (13) (14) (15) , involving partly and fully oxidized Fea3 and Cua3. The latter causes the oxidation of the electron transmitter components, Fea and Cua. These studies identified all four metal atoms as having appropriate functions in the oxidation-reduction reaction and focused attention upon the binuclear complex a3 heme-Cua3 as the functional prosthetic group of the enzyme, overthrowing both the "unitary theory" of cytochrome oxidase function (16) , and the concerted action hypothesis for cytochrome oxidase function (17) . This rendered much of the action of cytochrome oxidase interpretable on the basis of what was already known about the reaction of iron porphyrin proteins with oxygen (18) , the reaction of the binuclear copper-copper complex hemocyanin with oxygen (19) , and the reaction of catalase with peroxides (20) .
A consequence of the low temperature experiments was the discovery that the active site of cytochrome oxidase consisted of the closely coupled binuclear complex, Fea3-Cua3. The structure of this complex must hold the key for rapid and effective combination with oxygen and consequent reduction of oxygen to water by electron transfer from copper and iron. The particular geometry that makes this possible has been the point of speculation by a number of authors, including Blumberg and Peisach (21) and Powers et al. (22) , who considered that the ,u-oxo (oxygen atom bridged structure) would be appropriate to a closely coupled iron-copper binuclear complex. To this point, Babcock et al. in their recent paper (23) suggested that this might be ligand B which links the iron and copper. These proposals superceded the histidine bridge put forward by Palmer et al. (24) .
A suggestion for the possible distance of iron and copper in the binuclear complex was afforded by the work of Brown et al. (19) on hemocyanin, where they found the distance between the two copper atoms in the oxy form to be 3.68 ± 0.05 A. The key point provided by this model is that oxygen once bound in the cuprous-cuprous complex is reduced to the level of peroxide by electron transfer from copper, yielding a cupric-cupric bridged peroxide complex (19) . The parallel between oxyhemocyanin and compound B of cytochrome oxidase, in which one iron replaces one copper in the binuclear peroxide intermediate, is compelling.
These kinetic and mechanistic studies have intensified interest in the nature of the active form of cytochrome oxidase, the state of the metal atoms, and if possible, conformation changes that might occur in the redox cycle. The inability of magnetic methods to deal with the copper component, or indeed, to give interpretable data on the iron component, led to the studies of cytochrome oxidase with the recently accessible tunable high intensity x-ray sources available from synchrotrons (25) . Two types of approaches are relevant to cytochrome oxidase.
The first is K-edge absorption, where Is electron transitions to unoccupied bound states shift characteristically with redox changes and are related to the associated change in charge density of the metal atom. Recent studies (22) identified edge contributions of each copper site in the oxidized and reduced states using appropriate models from investigation of the oxidized, reduced, and the two mixed valence hybrids (mixed valence CO and mixed valence formate). The electron reservoir portion, Cua, was shown to have a more covalent environment than the copper redox component of the active site, Cua3. The latter is nicely fitted to stellacyanin (22) , whereas N(O) and S-were suggested as possible ligands for Cua. The stellacyanin analogy was later supported by the homology between the amino acid sequence of subunit II and that of the type I "blue" copper proteins (26) .
The second type of approach is that of extended x-ray absorption fine structure (EXAFS). These are fluctuations in the x-ray absorption spectrum that occur when the energy of the incident radiation exceeds the ionization potential and result from the interference of the emitted photoelectrons and those backscattered from neighboring atoms of the iron or copper absorber. This interference function allows calculation of the average distances from the absorber to the nearby neighboring atoms. The signal-to-noise ratio of the measurements is directly proportional to the concentration of absorbing atoms, and satisfactory measurements have been obtained for highly concentrated (7-20 mM) biological preparations (19, 27) . These concentrations are not possible for cytochrome oxidase, however, and special preparation techniques were developed to obtain 1-1.5-mM concentrations. In addition, two x-ray fluorescence detection systems were fabricated to obtain maximum signal-to-noise ratio in this study.
Prominent among the experimental difficulties is the preparation of fully occupied samples of cytochrome oxidase at maximal concentrations (-1.5 mM). First, details on these preparation methods are not available elsewhere and thus form a considerable part of this presentation for appropriate authentication of the sample. Second, room temperature irradiation of cytochrome oxidase by the intense x-ray beam caused its rapid reduction by hydrated electrons, at the rate of -2 ,uM/s (28) . Therefore, the development of an appropriate cryostat, online optical monitoring spectrophotometer, and an offline EPR monitoring apparatus, to monitor samples immediately before, during, and after irradiation in the same sample holder at temperatures low enough to immobilize hydrated electrons, permitted us to study fully occupied, well characterized, and quantitated redox states.
EXAFS experiments are often characterized by inadequate control of the state of the enzyme during irradiation; this has made the identification of the results with known redox states impossible. Consequently, this paper reports sample preparation, technical methods, and experimental results of Fe and Cu in highly concentrated solubilized cytochrome oxidase from beef heart and other sources, together with the structure and corresponding mechanism for the oxygen reduction by the enzyme. Preliminary reports are published elsewhere (29) .
METHODS

Biochemical Preparation
The preparation differed from those in our previous studies (22) and appropriate details are therefore given below. Cytochrome c oxidase (1 g of protein) was prepared according to Yonetani's method (30) . Two to four ammonium sulfate fractions between 26 and 34% were used to achieve optimum purity as displayed by the oxidized and dithionite reduced spectra of Fig. 1 ; the purity criteria were determined from absorbance ratios: (a) 445 nm (reduced)/424 nm (reduced) = 2.4 (30), (b) 445 nm (reduced)/422 nm (oxidized) = 1.30-1.40 (30) , (c) 280 nm (oxidized)/445 nm (reduced) = 2.0-2.4 (30), (d) purified oxidase contains [8] [9] [10] nmole of a heme/mg of protein, (e) adventitious Cu (.5%) as determined by the ratio of total copper (atomic absorption assay) to heme as determined spectroscopically.
The concentration of oxidase in the samples prepared for the EXAFS studies could not be determined precisely by optical or electron paramagnetic resonance (EPR) observations. Therefore, a sample packed in a precisely determined volume (9.51 ,l) was dissolved in 7 ml of 2% cholate and 50 mM phosphate buffer (pH 7.4). The absorbance was determined at 600 nm and the concentration was calculated to be 1.10 mM, e = 24 mM-' x cm ', characteristic of an average sample. This was exceeded by -20% in the most concentrated ones and fell by -30% for some of the derivatives to which chemicals were added as in the mixed valence states.
EXAFS Samples of Cytochrome Oxidase
The purified oxidase at -300 IAM concentration in 2% cholate and 50 CO MIXED VALENCE SAMPLES The procedure of case 2 was carried through to the fully reduced state, and the sample was left in the CO-filled glove bag [8] [9] [10] [11] [12] h. Under these conditions, there was a slow approach to a redox equilibrium of the system that involved a slow reoxidation of the a heme and Cua. Spectroscopic monitoring of the 830-nm copper absorption band and the 605-nm heme absorption band showed that Cua and a heme became fully oxidized in this interval. EPR was also used to ascertain oxidation of a heme (g = 3.05) and copper (g = 2.0). Some water was evaporated during the process, and the final concentration of the oxidase was -1.5 mM. The sample was then frozen in liquid nitrogen under a CO atmosphere.
Cytochrome Oxidases from Sources other than Beef Heart
Cytochrome oxidase containing two small subunits has been prepared both from Paracoccus denitrificans bacteria (31) and from the thermophilic bacterium HB-8 (32) . These preparations were suitable for iron and copper EXAFS and for copper EXAFS, respectively. In the latter case, the presence of cytochrome c precluded studies of iron EXAFS. The concentrations of these preparations equalled those obtainable from beef heart and were assayed by optical and EPR observations. Reductions were carried out as described above.
Monitoring
The methods are divided into two sections: biophysical and biochemical devices. Most important among the biophysical devices has been the development of an efficient method for low temperature observation of the edge and EXAFS signals. Low TEMPERATURE CRYOSTAT To maintain the sample at a uniform low temperature using liquid nitrogen (and not helium), a cryostat has been developed that maintains the samples in a flow of temperature-regulated nitrogen (down to -1400C) and at the same time permits hemispherical exposure of the sample for excitation by the x-ray beam and collection of the sample fluorescence. Furthermore, the cryostat has an insert for reflectance spectroscopy on the backside allowing online optical monitoring. The (Fig. 3) . The single wavelength output is shared between the two samples at 30Hz (22, 23 11-3 (focused) was used for iron EXAFS measurements providing -6 x 10" photons/s with -7-eV resolution. For most of the spectra, however, the mirror was raised to an appropriate position to give -3-eV resolution, causing two-to-threefold drop of the beam intensity.
The x-ray beam position and initial intensity Io were monitored by an ionization chamber, after a defining slit indicated changes of vertical displacement occasioned by beam steering or low frequency modulations of the x-ray beam intensity caused by uncontrollable changes of the mode of Stanford Positron-Electron Annihilator Ring (SPEAR) operation. Thus, intervals of operation at statistical noise limitation (count rate)'/2 were often interspersed with those of three-to-four times larger fluctuations.
The fluorescence, F, emitted by the sample was collected by either a filter-scintillation counter similar to that reported by Stern and Heald (37) or the LiF crystal focusing array-solid state intrinsic germanium detector as described by Marcus et al. (38) .
The scintillation counters were constructed of Pilot B plastic scintillation material (Nuclear Enterprises, Inc., San Carlos, Calif.). This material has a decay time of 1.8 ns and the detectors consisted of an EMI 981 3B eleven stage end-on photomultiplier (EMI Gencom, Inc., Plainview, N.Y.) to which a 2-in Diam and 2-in thick (-three absorption lengths at 8 KeV) Pilot B plastic scintillator was attached.
Spectral response of the tube was maximal at 408 nm, appropriate to the scintillator emission. The assembly was mounted in a light-tight tubular housing, and the photomultiplier was protected from stray light by thin aluminized mylar film. Seven such counters were mounted in an array equidistant from the sample with a detector-sample geometry shown in Fig. 2 . To equalize the sensitivity of the seven tubes, the total dynode voltage applied to each was varied by a potentiometer. The equalized output signals were summed in a 50-Q resistor, and a "leading edge" discriminator was used to remove the background. A common discriminator level was thus appropriate for the summed output. Counting of the TTL output was obtained by a 6-channel hex scaler of 50-MHz capability, and the data were recorded in a PDP1 1/03 computer (Digital Equipment Corporation, Boston, Mass.). The length of the cable from the output of each tube to the summing resistor was adjusted so that simultaneous signals from all seven tubes produced by a single SPEAR pulse would arrive at the discriminator at sufficiently delayed times to be counted individually. This avoided duplication of amplifiers and analyzers/ discriminators customarily used, and in addition, provided efficient fluorescence detection at counting rates of 1 MHz/tube with the capability to count up to the SPEAR ring frequency (-5 MHz).
As demonstrated by Stern and Heald (37) , the use of a filter material that absorbs most of the elastically scattered radiation but little of the K fluorescence improves the signal-to-noise of this method: of high count rates (-25 kHz). To gather a large solid angle of fluorescence radiation from the sample, focusing lenses are employed, such as the above-mentioned LiF crystal array (38) , which discriminate between fluorescence and elastic scattering and focus mainly the K, fluorescence on to the intrinsic germanium detector. This array is capable of discriminating by 104/1 the scattered to fluorescence photons produced by 1-mM samples giving a signal-to-background of 10/1 (38) .
Data Analysis Edge spectra were analyzed by the methods described by Powers et al. (22) . Absolute error in energy calibration is ±0.5 eV, but the relative error is ±0.1 eV. Final EXAFS spectra consisted of the average of many single scans. Before averaging, each scan was examined for unusual features, satisfactory signal-to-noise, and edge position in energy. Monochromator settings were converted to energy values and a linear background, which set the absorption below the edge to zero, was subtracted. Examples of copper and iron spectra for the fully oxidized state are given in Fig. 4 .
The EXAFS modulation of the absorption is given by the equation:
krj2 where the sum is over the distances ri from the absorbing atom, N, is the number of the same type of backscattering atoms at r,, X(k) is the photoelectron mean free path, andfi(k, ir) is the backscattering amplitude of the ith atom which is -Z/k2, for k > -4 A-'. &2(k) is the Debye-Waller factor describing the mean square displacement in ri (from the thermal and lattice disorder), ai(k) is the energy- dependent phase shift of the photoelectron caused by the potentials of both the absorbing and the backscattering atom. k is the magnitude of the photoelectron wave vector given by
where me is the electron mass, E is the x-ray energy and Eo is the edge energy or threshold.
x(k) was isolated from the data (Fig. 4) by a cubic B-spline fit to remove the "isolated atom" contribution. The results were then multiplied by k3 to compensate for the l/k3 dependence of x(k) for k > -4 A-'. This somewhat equalizes the oscillations in the observed range of k. This function was then normalized to one absorbing atom by the magnitude of the edge. These data for both copper and iron EXAFS are shown in Figs. 5 and 6. The k3X(k) data was Fourier transformed without smoothing or the use of a filter function, since the data clearly have sufficient signal-to-noise ratio to use directly (three times that of the hemoglobin data [27, 39] ) and it was unnecessary to sacrifice resolution to obtain it artificially. Fourier transforms of the data of Figs. 5 (Fig. 9) . These data for each shell were then decomposed into a unique solution of an amplitude and phase.
The phase is unique to the absorber-scatterer pair. This has been experimentally as well as theoretically proven to be "chemically transferable" from the chemical environment of one compound to another (40) . The amplitude, which contains N,, o(k), and X(k), on the other hand, has proved to vary as much as 50% due to the chemical environment and inelastic scattering effects (41) . For this reason, only the phase was used to identify the chemical type of a scattering atom (one type per shell) and the amplitude then tested (41) (42) to be the same as that of the model within small variation of N, and/or Ao2. All shells containing multiple types of atoms and distances were identified by direct comparison of filtered data with that of model compounds with no fitting procedures or variables. In this manner, the serious pitfalls yielding erroneous results of curve fitting to either the total k3X(k) data (44) of Figs. 5 and 6 or the filtered data of a single shell (Fig. 9) were completely avoided.
A comprehensive review on data analysis procedures is given by Lee et al. (42) and Powers (43) .
RESULTS AND DISCUSSION
Cytochrome Oxidase Samples Four sets of data are discussed here. The first two sets verify that cytochrome oxidase and its derivatives are authentic and the third set verifies that they are maintained so throughout the interval of x-ray observation. These data are followed by the results on edge and EXAFS studies. Fig. 1 gives the absorption spectra of oxidized and reduced cytochrome oxidase under the usual conditions of assay: that of transmission in a liquid sample. Fig. 10 C illustrates a typical transmission spectrum through the sample at a concentration employed in the edge and EXAFS studies. In this case, for the most concentrated samples, attenuation of the light in the near-ultraviolet region is so high that only wavelengths >500 nm are shown. Thus, the spectrum in the oxidized state gives only the a-band corresponding to near-infrared band corresponding to the copper bands. Of particular interest is the 655-nm band that serves as a marker for a3+3 hemes (45) .
Verification ofDerivatives
Conversion to the mixed valence formate state, Fig. 10 A (45) causes a drop of the 830-nm band to about 15% of its initial value, leaves the 655-nm band unchanged, and causes an increase of the 605-nm band to approximately half its maximum intensity. The Soret band is split since it contains both oxidized a3 heme at 418 nm and reduced a heme at 445 nm. While the residual absorption at 830 nm of the mixed-valence formate could be attributed to lack of complete reduction of the Cua component, Powers et al. (22) and Beinert et al. (46) suggest that -15% of the total absorption at 830 nm could be attributed to Cua3.
The CO-reduced samples (Figure 10 B) show no absorption bands at 830 and 655 nm, while the 605-nm band is largely due to the contribution of the a heme component with a small contribution from the a3 heme + CO component at 590 nm. The Soret band was split due to the separate positions of a heme and a3 heme + CO at 445 and 430 nm, respectively.
The mixed valence CO compound shows an 830-nm band (Fig. 10 D) due to oxidized Cua. However, there is a distinctive shoulder a 655 nm which shows oxidized a3 heme remaining. An evaluation of the amount of this residual oxidation is afforded by a comparison of this spectrum with that of the mixed valence formate Figure 10 E (recorded under identical conditions) which shows a strong 655-nm shoulder, with a small 830-nm band. The a-band of the mixed valence state CO shows a shift toward 590 nm with respect to mixed valence state formate. Assuming that the mixed valence formate corresponds to 100% oxidation of a3 heme, we estimate that as much as 40% of a3 heme remains oxidized in this particular mixed valence CO sample.
To verify the mixed valence state hybrids by other than optical means, EPR spectroscopy was used. Fig. 11 A, B , and C shows X-band (-9 GHz) absorption derivative spectra of the oxidized, mixed valence formate, and mixed valence CO hybrids, respectively. In Fig. 11 A and B, the EPR spectrum of the fully oxidized enzyme is compared to the mixed valence formate complex. The fully oxidized enzyme exhibits a low spin g = 3.0 signal and g = 2.18, and g = 2.00 signals, indicative of a3+ heme and Cua2+ respectively. The spectra also show a g = 6.0 signal attributable to a partially reduced high spin species. Quantitation (47) showed this species as <5% of the a heme spin concentration. The mixed valence formate spectra reveal an axial g = 6.0 signal concomitant with the disappearance of the low spin g = 3.0 a heme signal. Quantitation shows that this g = 3.0 signal represents <5% of the high spin species. The resonance Raman studies (48) of Babcock suggest the nature of the high species to be due to a33+ heme -HCOOH. Figure 11 C shows the EPR spectrum of the mixed valence CO complex. It exhibits an oxidized a heme signal at g = 3.0. It also shows two high spin species, one nearly axial, and the other rhombic (49) . These species represent 15-20% of the total heme concentration. These high spin species represent incomplete conversion to the carbon-monoxy complex. Effects ofX-irradiation Samples were monitored after every 30 min of beam exposure, and changed whenever a > 10% alteration of the optical spectrum was detected. EPR spectra of the oxidized state before and after irradiation are shown in Fig. 12 . The figure shows that 80 min of irradiation at -1 300C causes a scarcely detectable change of EPR signals due to the trapping of hydrated electrons and free radical components at this low temperature (35) . There is no change within experimental error of the g = 3 signal attributed to a heme or the g = 6 signal, representing <5% of the a heme-spin concentration. The g = 2 signal shows an increase in the trapped radical concentration (as discussed below). Optical data under the same condition show a clear 830-nm infrared band and a 655-nm band, characteristic respectively of oxidized copper and a3 heme. The effect of 70 min irradiation upon the mixed valence state formate (Fig. 13) causes a diminished 830-nm band of -40%, and data obtained with such a sample were not used in the analysis.
Trapped Radical Generation Reduced cytochrome oxidase used in Fig. 14 shows no g = 3 and scarcely detectable g = 2 and g = 6 signals. The sample was removed rapidly from the -1 300C cryostat, plunged into liquid nitrogen, and examined by EPR spectroscopy immediately thereafter at 10 K (Fig. 14) . The sample was found to show a large signal due to trapped radicals. The free radical was unsaturated at 10 K and at a microwave power of 10 mW, indicating that some of the species could be near (5-20 A) a magnetic relaxation agent, possibly another free radical or paramagnetic center. Quantitation of the g = 2.0 free radical species was estimated from an all-trans polyacetylene sample2 of known spin concentration at 10 K. At the time of trapping (after 10-15 scans), the irradiated cytochrome c oxidase preparation contained a spin concentration of =500 ,uM, about half that of the oxidase itself. The sample was then monitored spectroscopically at -1200C for 10 min to confirm that the reduction state of the copper components had been unaltered by the radical formation. Then the sample was returned to the helium dewar and reexamined, and a diminution of radical intensity of -40% was found. This demonstrates that the accumulation of trapped radicals in the frozen samples is significant, and that their assay requires continuous maintenance at very low temperatures to avoid radical reactions which would obscure their otherwise high concentration in the irradiated sample (50).
X-Ray Absorption Edges
Powers et al. (22) reported their use of edge studies (with simultaneous monitoring to insure proper redox state) to probe the electronic environment of copper in the fully oxidized, reduced CO, and mixed valence formate, cyanide, and CO states of cytochrome oxidase from beef heart. They concluded that "Cua3 has an electronic environment similar to the type I or 'blue' copper of stellacyanin" and "Cua has a more covalent environment," having possibly N (or 0) and S-as ligands.
In these studies, the Is a 3d transition region of these states of cytochrome oxidase has been further investigated and compared with that of stellacyanin. The Is --3d transition is forbidden by the selection rules and when observed, is -1% of the intensity of the Is -4p
transition. This transition is identical in energy, shape and intensity in the fully oxidized and mixed valence formate states where Cua3 is oxidized. The transition is not observed, however, in the reduced CO state or mixed valence CO state where Cua is oxidized and Cua3 is reduced. Fig. 15 compares the Is -. 3d transition region of the fully oxidized state normalized to one Cu atom and oxidized stellacyanin normalized to 0.5 Cu atoms. The two are identical to 2Sample donated by A. G. MacDiarmid, Chemistry Department, University of Pennsyivania.
within our relative error of ±0.10 eV. Failure to observe this transition in the mixed valence CO state indicates the "covalent" nature of the Cua by comparison with the model compounds (22) and rules out the possibility that Cua is also a blue type I or a "super blue" copper (51) since all the investigated blue copper proteins, e.g., azurin, plastocyanin and stellacyanin, exhibit a Is --3d transition in the oxidized form. Further, azurin and plastocyanin have nearly identical edge features whereas stellacyanin is similar but not identical, indicating slight structural differences (52) . Cytochrome oxidase prepared from other sources is also investigated in the fully oxidized state. These sources include Paracoccus denitrificans (31) and thermophilic bacteria (HB-8) (32) . These edge spectra are identical in every respect to that obtained for the fully oxidized state from beef heart, suggesting that the charge density of both copper atoms from each of these three sources is identical. Since the charge density is sensitive to the number and chemical type of ligands, as well as to the geometry of the ligands, this result suggests that all the copper sites are structurally identical. This similarity will be further addressed in the EXAFS section.
EXAFS
The EXAFS data, like that of the edge, are complicated by the fact that they are the sum of contributions from both copper sites in copper absorption data and both iron sites in the iron data. The approach of fitting just the phase with single atom pair contributions is futile because, for example, the first shells of the two Cu sites may contain eight or so neighbors with different distances and/or different chemical types. The only alternative is to model each site with a single compound. With this approach the mixed valence states (formate and CO) offer a unique method of changing one site while the other remains unchanged and, together with the fully oxidized and reduced CO states, offer a unique solution within experimental error to the contribution and identity of each site. Copper First Shell Contributions Our copper edge studies (22) have provided unique insight into the identity of the copper sites:
"'Cua3 has a charge density similar to the type I or blue copper protein stellacyanin," and "Cua has a more covalent environment" having possibly N(O) and S-as ligands. Using stellacyanin as a model for Cua3 in both the oxidized and reduced states (Fig. 16) , we proceed in a manner analogous to that used for the edge data (22) to examine the first copper shells. The contribution of Cua to the fully oxidized state and reduced CO state can be determined by subtraction of the Cua3 model stellacyanin in the oxidized and reduced states, respectively. To do this, stellacyanin must first be multiplied by one-half. This is because all the data are normalized to one absorbing atom but cytochrome oxidase contains two coppers while stellacyanin contains only one. So, Cua(ox/red) = cytochrome oxidase (ox/red) - Before we compare these results for Cua to model compounds, they must be tested for credibility with the data for the mixed valence states. In the case of the mixed valence formate state, an interference node is evident in the first shell of the Fourier transformed data (Fig.   7 B) and the filtered data (Fig. 9 , k -8.5 A-'). This pins the amplitudes and phases that contribute to this shell and provides a stringent critical test for whatever method is used to determine those contributions. Simply adding filtered data for Cu03 oxidized and Cua reduced (Figs. 16 and 17 ) produces a curve that is identical to the filtered protein data, particularly the interference node (Fig. 9) . The deviation at large k is within the noise and truncation error that are largest in this region (Fig. 5) (54) for plastocyanin. The analysis of their data is identical to that employed here using the same model compound data for Cu-N and Cu-S contributions taken from copper (II) tetraphenylporphine (CuTPP) and copper (II) diethyldithiocarbamate (Cudtc) (55, 56) , respectively. Although these results are presented elsewhere, their data for stellacyanin in the oxidized and reduced states are identical to that used for Cu03; we will briefly summarize the results of their structure analysis. The first shell of stellacyanin was assumed to contain the same ligands as plastocyanin (54) second N, expected to be in the second shell from the comparison to reduced (low pH) plastocyanin, was not observed.
The first shell-filtered data for Cua was compared with all available model compounds, but in both the oxidized and reduced states the best comparisons were to those containing two nitrogens and two sulfurs. Although Cu butyraldehyde thiosemicarbazone (58) was the best, the agreement was not optimal, especially for the slight interference node observed in the k = 7-9 A`region of both the oxidized and reduced states (Fig. 17) . Our previous edge studies suggested that the ligands were N(O) and S-, and four N or four S could be ruled out since the edge features were different. A good fit for both the oxidized and reduced states is obtained for the combinations of one N (or 0) and three S. The average N distance is 1.97 A, and the average S distance is 2.27 A for the oxidized state, while these become 2.00 A and 2.35 A, respectively, for the reduced state. A reasonable fit is also obtained for combinations of two N and two S but the average distances are the same within the error. The average distance is shorter for the oxidized and for the reduced states, when 0 is used instead of N, whereas the average sulfur distance is the same within experimental error. The large S content of this site is consistent with a more covalent environment than Cua3 (22) and with the EPR studies (59, 60) .
The first shell contributions of copper can be summarized as follows: Cua3 is similar to stellacyanin in both the oxidized and reduced states. Cua is different from the blue copper proteins having more normal N or 0 and S bond lengths. Coordination numbers are one (or two) N or 0 with three (or two) S in both the oxidized and reduced states. The high sulfur content of this site is responsible for a more covalent environment than that of Cua3.
Iron First Shell Contributions Determination of the contributions of Fea3 and Fea are not quite as complicated as those for their functionally corresponding coppers since both cytochromes contain their irons in heme groups. Examination of the Fourier transformed data for the states shown in Fig. 8 reveals that the first shell of the fully oxidized and mixed valence formate states have very different contributions that those of the reduced CO and mixed valence CO states. The fully oxidized state has a split first shell that is almost completely resolved while that of the mixed valence formate state is similar but not as well resolved, since the signal-to-noise is not as good as that of the fully oxidized state.
Comparison of the first-shell filtered data of the reduced CO with mixed valence CO states indicates they are identical, as shown in Fig. 19 . The optical spectra indicated <15 % Fea3 was oxidized in the mixed valence CO state. The deviation at high k is within the errors and the experimental noise where these contributions are largest (Fig. 6) (62) , magnetic circular dichroism, and Raman studies (63, 23) . The first-shell filtered data of several combinations of heme model compounds5 and proteins (39) were compared with that of the reduced CO state (mixed valence CO). The sum of oxy-hemoglobin (HbO2) and bis (imidizole)-a, f, 6, 'y-tetraphenylporphinatoiron (III) Cl (Im2FeTPP) (39)5 reproduces the filtered data for the reduced CO state as shown in Fig. 20 .
Oxy-hemoglobin has been shown to have an 0 at 1.75 A, four heme N at an average distance of 1.99 ± 0.02 A, and a proximal N at 2.07 A (64, 39) . This 0 distance is identical to those reported for heme iron carbonyls, and the EXAFS measurements cannot distinguish 0 from C. Im2FeTPP has six N at an average distance of 1.986 A. Thus, in the reduced CO state, Fea, first shell is identical to oxyhemoglobin and Fea is identical to Im2FeTPP in both the oxidized and reduced states. When the contribution of Fea is subtracted from the filtered data of the oxidized state (mixed valence formate), the remainder, which is the oxidized Fea3 contribution, contains a proximal N at 2.14 A in addition to the four-heme N at 2.01 A. N -(CH2)4]3 which contains six S at an average distance of 2.44 A (65, 66); one S is found with only a small change in Debye-Waller contribution. As discussed earlier, this S is also present in the mixed valence formate state but is completely absent in the data of the reduced CO and mixed valence CO states. Although this distance is slightly longer than the usual octahedral S distance of -2.45 A, it is likely to be the sixth ligand of Fe,3 for the following reasons: Addition of a sixth N(C, 0) to the Fea3 contribution of the first of the split shells produces a significantly worse comparison. Model compounds (64) having a sixth N ligand do not produce as favorable a comparison. C and 0 are not likely to be the sixth ligand since, in axial heme ligands, the distance is usually significantly shorter (0.24 A) than the average heme N distance and can be clearly recognized. At this distance, the S could not be a ligand of either the proximal N (or a second axial or sixth N, C, or 0), since the shortest distance this Fe-N-S combination could be expected to give is >3 A.
Results for iron first-shell contributions can be summarized as follows: Fea3 has an axial S ligand in the fully oxidized and mixed valence formate states which is replaced by CO in the reduced CO and mixed valence CO states, resulting in a structure similar to that observed in HbO2 (and presumably HbCO). Fe. changes very little, if any, on change in formal valence and is similar to Im2FeTPP.
Higher Shell Contributions
As shown in Figs. 7 and 8 both the copper and iron data exhibit higher shells. Of particular interest is the distance between the Fea3 -Cu03 pair which are spin coupled in the fully oxidized and mixed valence formate states and may be present in the -<4 A range observable by the EXAFS techniques. Several criteria are necessary for their identification in addition to favorable phase (and filtered data) comparisons. Each must be observed in the data of the other, i.e., Cua3 must be seen from Fea3 at the same distance Fea3 is seen from Cua3 in both the fully oxidized and mixed valence formate forms. The contribution must be able to be identified uniquely as Cu or Fe and not also as possibly N, C, 0, or S or any of these in combination. Only when all these criteria are met by the same contribution can identiflcation of these sites be reasonable.
Model compounds having a well-defined and characterized Cu-Fe distance in the observable range are not yet available. The phase and amplitude for such a pair was taken from models (19) having Cu-Cu distances such as Cu metal, [tmen-Cu(II)OH]2 Br2:tmen = N, N, N, N,-tetramethylethylenediamine, and Br2[bpyCu(II)OH]2 * S04 * 5H20:bpy-bipyridyl.
The phase of these models was then corrected for the absorbing or backscattering atom to be Fe instead of Cu by the difference of Fe and Cu contributions given by the theoretical phase calculations of Teo and Lee (67) . Fe amplitudes were obtained by correcting the model amplitudes by the ratio of the Fe contribution to the Cu contribution obtained from the theoretical amplitude calculations of Teo and Lee (67) . These Fe amplitudes were compared with those obtained from other Fe model compounds and found to be in excellent agreement. These corrections to the phase and amplitude of Cu-Cu phases and amplitudes were quite small, and Cu-Cu phase and amplitude could be used for those of Fe-Cu and Cu-Fe with little difference or error. The phase and amplitude data of Cu metal that have been corrected for Fe as the absorbing or backscattering atom are referred to as corrected Cu metal data and were used to investigate the higher shells of both the iron and copper data of cytochrome oxidase.
From Fig. 7 , it is clear that the higher Cu shells of the mixed valence formate state are similar to that of the fully oxidized while those of the reduced CO and mixed valence CO states are not. Comparison of the filtered data for these similar shells indicates that the third shells are identical but the second shells require a large change in Eo. Phase comparisons indicate that only the third shells contain Fe at 3.75 ± 0.05 A (or Cu since the two cannot be distinguished), and comparison of the filtered data with that of corrected Cu metal data indicates one Fe ligand is present with very small change in Debye-Waller contribution (Au2=--3 x 10-3A2). This comparison is shown in Fig. 21 . In order to satisfy the remainder of our criteria, this contribution must also be present in the iron data.
The iron higher shells (Fig. 8 ) in all four states are similar to those observed in heme model compounds (68, 39) , especially Im2FeTPP and HbO2. If this contribution at -3.75 A is present in the fully oxidized and mixed valence states, it is contained in the fourth (next to last) shells together with the N and C contribution of the heme groups at 4.12 ± 0.03 A. Subtraction of this contribution for both hemes (Im2FETPP model data Fig. 22 A) leaves the filtered data shown in Figure K (1t) (Fig.  8) to Cu in the same manner did not produce results that could uniquely be identified as a single Cu. In fact, examination of all higher shells in all states for both the iron and copper data did not yield a unique identification of a metal atom. In addition, no higher shells are observed in the copper-reduced CO state (Fig. 7) , and those of iron can be identified with known heme shells. The question then arises of what has happened to this metal atom pair in these states.
The fact that they are not observed can be due to any one or combination of the following reasons. The distance between them in the states where they are not spin coupled is larger than that observable (<-4 A). The distance lies within the observable range but the loss of the bridging bond present in the oxidized states of this pair causes their mean-square displacement (Debye-Waller contribution) to be large and the resulting contribution unobservable. The signal-to-noise in the data is not sufficient, although it is somewhat comparable to that of the fully oxidized and mixed valence formate states where those contributions are observed. Whatever the actual reason(s), the position of Fea3 relative to Cua3 is unknown when these centers are reduced and is currently under study.
Cytochrome Oxidasefrom Other Sources In addition the the mammalian preparation from beef heart, those from P. denitrificans and HB-8 (thermophilic) bacteria were also studied in the fully oxidized form. Comparisons of these data with that of beef heart are shown in Fig. 23 for copper and Fig. 24 for iron. It is clear that these are similar. The copper data for HB-8 was multiplied by k2 (giving the data a different appearance) instead of k3 because this data did not have as good signal-to-noise. Comparison of the filtered data for the three shells of beef heart with Paracoccus gave identical contributions within experimental error. However, a small constant change in the Debye-Waller contribution (Ao-2 = -3 x 10-3 A2) was observed for each shell that indicated this structure was more rigid than that of beef heart. This result might be expected since this enzyme contains only two subunits instead of seven or so found for beef heart.
The data for beef heart were then analyzed with k2 multiplication for comparison to that of HB-8. The first shells are identical within experimental error while the third shell distance was 0.05 ± 0.05 A longer than that of beef heart, both having the same small change in Debye-Waller contribution as observed for Paracoccus. The Cu sites in cytochrome oxidase, whether from bacteria or mammals, are strikingly similar as suggested by the edge data given in the preceding section.
The iron contributions are also similar. Comparison of each shell with that of beef heart indicates they are identical within the experimental error and analysis of contributions using model compounds in the manner discussed for beef heart have identical results in all circumstances with small changes in Debye-Waller contributions. We are left with the conclusion that the structure of these sites is so carefully engineered to their function, that of reducing molecular oxygen to water, that nature has conserved it! This surprising result may have far-reaching consequences when it is considered with respect to laccase and other oxidases, all of which have four redox centers but none of which contains both Fe and Cu (69) . Let us now consider the overall structure of the sites and how they fit together.
SUMMARY
Redox Site Structure A summary of the conclusions of this section is presented pictorially in Fig. 25 . Model compounds are listed where applied. Dashed lines in the case of the Cua3 indicate ligands reported for plastocyanin (53, 54) and azurin (57) that are possibly too long to be real bonds. The N(?) in reduced stellacyanin indicates this ligand is not observed at all in our data. Other ligands contained in parentheses, e.g., (N, 0), indicate other possibilities for the identity of this ligand. Error bars are not included for simplicity but are discussed in the preceeding text, and a line over the distance means the distance shown is an average of those for the same ligand in that metal center. The assignment of formal valence to a specific metal atom in the site is to indicate the oxidation state of the center, either oxidized or reduced, and does not mean that this total charge resides on the metal atom.
The active site Fea3-Cua3 structure is unusual in that Cua3 closely resembles the blue copper protein stellacyanin of which the cysteine sulfur forms a bridging ligand to Fea3. The sulfur is three liganded, having the same Cu-S cysteine bond length as stellacyanin, but an Fe-S distance longer than those usually observed for octahedral coordination. Cytochrome c (70), cytochrome P-450 (71) , and similar models (66) Cua3-S distances, the bridging sulfur bond angle is calculated to be -1030. This is a reasonable angle for the sp3 bonding required for a sulfur having three ligands. This three-ligand geometry of sulfur might also be expected to cause a shift to higher energy and intensity reduction of the characteristic blue copper, S to Cu, change transfer absorption at 600 nm (75) from the Coulombic interaction with Fea3. The question of whether spin coupling can occur through the sulfur bridge is a difficult one. An early experiment is relevant; mercuration (and denaturation in urea) destroys the spin-coupling and brings the analytical and ERS determinations of copper into agreement (76) . These results suggest a role of sulfur in spin-coupling. Even though the Fe-S bond is long, d orbitals can become extended, possibly allowing sufficient overlap. The overlap which would be most effective at long distances is the a-antibonding interaction of Fe(d,2) and one lobe of the S(sp3) configuration. The physical mechanism of this spin coupling requires further investigation, and can probably best be approached by models of this site.
Upon reduction of Cua,, this center closely resembles reduced stellacyanin, and the bridging sulfur becomes a normal cysteine sulfur. The Fea3 center looses the bridging sulfur bond and binds CO or 02 in a structure like oxy hemoglobin (77) (23, 63) . The individual bond distances of Cua can only be approached by model compounds which satisfy the edge, EXAFS, optical, and magnetic resonance data for this site. With these structural features in mind, we will turn our attention to the impact of these structures upon the biochemistry and mechanism of cytochrome oxidase.
Biochemical Aspects The existence of a six-coordinate high spin structure with an Fea3-Cua3 S bridge affords an appropriate explanation for the lack of reactivity of the oxidized state to characteristic ligands (F-, CN-, N3-, SH-, etc.) of peroxidase, metmyoglobin, and methemoglobin. The reactivity might be compared to that of cytochrome c, where methionine is the sixth coordination place of the Fe or to P-450, where Fe-S is involved. Certainly, the increased reactivity of the Fe'2 state as compared with the Fe'3 to ligands that usually react with the Fe+3 state, is consistent with one of the original observations: "The species of cytochrome oxidase inhibited by cyanide is present in large concentrations in the reduced systems, in low concentrations in the steady-state oxidized system, and in very low concentrations in the fully oxidized systems" (78, 79) . The structure depicted in the Fig. 25 Once the S-bridge has been ruptured and a pair of electrons accepted, the active site reacts with oxygen with great avidity, the second-order constant approaching 108M-'s-' at body temperatures and exhibiting, even at -1 300C, a rate of 1 M-ls- (Fig. 26, step 2) . The active site is not only appropriately structured to receive oxygen molecules rapidly, but the environment of this site is appropriate to occupancy with a significant number of oxygen molecules, even at low temperatures, as indicated by their competition with C2H2 and N20 (81) . Thus, Cua3 and its ligated S atom are not "in the way" of the oxygen reaction. a3 heme under these conditions reacts similarly to hemoglobin and myoglobin with 2. This is a remarkable conclusion, since it has been previously held that the unusual substituents on the green heme of cytochrome oxidase were particular to the oxygen reaction. However, this structural definition of the active site, plus observations that a protoporphyrin IX oxidase (cytochrome o) (83) exists as well, lend credence to the belief that the heme portion of cytochrome oxidase has no features that distinguish its initial reaction with oxygen from the well-known hemoglobins and myoglobins. This is further supported (13) (14) (15) by measurements of the dissociation constant for the 02 reaction at low temperatures.
The apparent function of the binuclear complex is then, not to bind oxygen but to reduce it. The first step of oxygen reduction (Fig. 26, Step 3) is observed at -100°C where electrons are transferred nearly simultaneously from Cua + Fea. No evidence of a one-electron intermediate has been observed when starting from the fully reduced oxidase, although this is not the case for the compound C as described below (84 (19) . The distance has not been determined for the carboxy ligated reduced cytochrome oxidase possibly because this structure is so flexible that the EXAFS signals are not observed. Nevertheless, the fact that the distance between Fea3 and Cua3 with the S-bridge is 3.75 ± 0.05 A seems more than just coincidental, since both distances are exactly appropriate to the bridged peroxide structure. A number of resonance structures are possible, but compound B has characteristic absorption bands at 780 nm due to oxidized blue copper, together with absorbance decreases in the a and y bands due to heme oxidation.
Compound C forms if the electron donation moiety Fea + Cua is oxidized. Then, the copper absorption band is at 750 nm and a distinctive band due to sulfur to copper charge transfer is observed at 609 nm (84) . The region of the Soret band shows no distinctive feature, and a liganding of the iron seems appropriate. Thus a possible structure is [Fea3+2O-0--Cua3 2I . Further studies of the interatomic distances in these two compounds will clarify the mechanism and the bridged peroxide structure now based in part on analogy and part on the interatomic distance of the resting state.
At -600C, two more electrons are transferred from [Fea+2 + Cua+'] +3. A variety of intermediates can be involved at this stage, previously identified as higher valence states of cytochrome oxidase, particularly the ferryl ion, and indeed, cation radical species, etc. are possible (Fig. 26, Step 4) . Protonation of the peroxide is an important part of these species, and is in accordance with measurements of protonation of compound B at temperatures about -400C. Presumably these reactions could occur at lower temperatures, although the technique is not adequately developed for these studies.
The end product of the complete reduction of oxygen to water is not understood at the present time. One alternative is that the S-bridged Fea3 +3 + Cua3+2 complex characteristic of the resting state is reformed, and indeed this is the most probable structure. However, the structure of the reoxidized enzyme during catalytic activity has not yet been trapped.
Antonini et al. (85) find that the recycled oxidase is more active than the resting form. A structural explanation of this phenomenon rests in the possibility that the S-bridge may not have time to be reestablished during active electron transfer, and electrons may be accepted directly by the Fea3 +3 and Cua3 +2 by electron tunneling rather than by S-bridged electron transfer as proposed as the initial step of the reaction.
Relation to Other Oxidases and Transport Pigments One of the remarkable conclusions of the correlation of structure and functional aspects of oxygen reduction by cytochrome oxidase is the superposition of the reduced 02 (C) structure of the oxidase with that of oxy hemoglobin. The characteristic oxygen bond length is identical. This structural result agrees to a striking degree with the kinetic and thermodynamic properties of the oxygen compounds. Both are relatively highly dissociated, in fact, even more so in the case of cytochrome oxidase, where the dissociation velocity of oxygen extrapolated from the low temperatures studies to room temperature is very large. It appears, therefore, that there is nothing in either the structural or functional aspects of oxygen binding to cytochrome oxidase that explains its small oxygen requirement under physiological conditions. Thus, other factors are involved that distinguish cytochrome oxidase from oxygen transport pigments.
The proximal Cua3 affords a rapid electron donation to oxygen which, together with the a3 heme, reduces oxygen to the peroxide state, overcoming in one two-electron step the energy barrier between the two states of oxygen reduction. At this point, however, cytochrome oxidase has accomplished nothing more than hemocyanin, which in its peroxy form closely resembles the postulated structure for compound B. The second difference is a physical one: neither hemoglobin nor hemocyanin contains the "electron reservoir" of cytochrome oxidase in the form of a heme and Cua that very rapidly donate a pair of electrons at room temperature and reduce both the oxy-and peroxy forms of cytochrome oxidase. Even with the most penetrating kinetic methods, (4, 5) no detectable concentration of these intermediates can be found.
The possibility of protoporphyrin IX serving as an effective oxidase component is suggested by the existence of cytochrome o, a protoporphyrin IX oxidase prevalent in many types of bacteria (83) . In this case, however, the function of the enzyme involves relatively stable peroxide intermediates that no doubt interfere with its efficiency. In one special form, however,7 cytochrome o replaces Fea3 + Cua3 and has associated itself with the electron reservoir system of cytochrome oxidase (a heme and Cua), which serves to reduce the iron peroxide compound in physiological function. Thus, manifold variations of the nature and function of oxygen reduction may occur, but the principles of operation are essentially those embodied in the paragraph above.
First, the remarkable features of cytochrome oxidase are the close homology between the a3 heme and that of oxyhemoglobin, both forming a loosely bound oxygen intermediate. Second, in common with hemocyanin, a binuclear metal atom complex, in this case, Fea3 + Cua3 as compared with Cu Cu, can bind oxygen and rapidly reduce it to the peroxide state. Third, and most distinctive, is the presence of the second pair of metal atoms, serving as effective reductants of oxygen to water. A fourth and novel feature, we believe, is the possibility of reducing the Cua3 by a S-bridged electron transfer from Fea3. These remarkable features comprise a new perspective on the nature and function of cytochrome oxidase.
